Small, low-cost unmanned aerial vehicles (UAV) has made data acquisition more convenient and accessible for many applications. Using multiple UAVs (a coven) brings even more advantages like redundancy and distributed information. The objective of this paper is to show how a coven of UAVs can help two applications: measuring wind and 3D photogrammetry.
INTRODUCTION
Small, low-cost unmanned aerial vehicles (UAVs) are increasingly being used in various projects and applications to reduce cost, increase availability and to get real-time quality data. For example, Graml and Wigley [1] proposed a method to detect hotspots around the perimeter of a recently extinguished bushfire using a small IntelliTech Microsystems Vector-P UAV. By detecting these hotspots, this method can help firefighters to prevent the bushfire from reigniting. Another paper explains how EisenBeiss et. al. [2] used a helicopter with a CCD camera along with data from a laser scanner to create a 3D model of an archaeological site in Peru. The remote location and rugged topography usually makes getting to and working at the site difficult, however the small UAV proved to be a good tool to offset these drawbacks. Small UAVs are also very popular in a military setting for target detection and localization [3] [4] [5] . Barber et. al. [3] develops a method to detect and localize a target by circling around it, reiteratively finding its location, and using this data to find a better estimate. This method proved to be successful by decreasing the localization error from 40m to 5m. In ecological applications, we have shown how small UAVs can be used for soil moisture and habitat mapping [6] .
All the advantages of small, low-cost UAVs are increased when using multiple UAVs (a coven) to achieve one goal. These advantages are shown by Drake et. al. [7] who used a coven to detect the location of a radar unit for military use. They used virtual vector fields to hold good geometry between aircraft, avoid collision, avoid no fly zones and circle the radar while localizing it. The location of the radar is calculated by comparing the time difference the radar signal reaches the different members of the coven. This triangulation method is called time difference of arrival (TDOA). Because the TDOA must be measured concurrently from different locations, successful and accurate radar detection may not be possible without more than one UAV. In another target detection and localization application, Pachter et. al. [4] shows how better localization accuracy can be achieved when using a coven of UAVs. While flying two different planes independently, each plane measured the location of the target with an error of about 10m. While working together, they were able to decrease the localization error to 5m.
The objective of this paper is to exploit the advantages of small, low-cost UAVs for two applications: measuring wind and 3D photogrammetry. Here is how the paper will be organized. The first section will give an introduction to our unmanned aerial system including details of the Paparazzi autopilot and multiple UAV control. After that, the next two sections will explain how a coven of UAVs could be used to measure wind and produce 3D photogrammetry. Finally, the paper will conclude with details for future work.
THE AGGIEAIR UNMANNED AERIAL SYSTEM (UAS)
AggieAir is our low-cost, small unmanned aerial system (UAS). Figure 1 shows the layout of the AggieAir UAV. Using position and orientation from an inertial measurement unit (IMU) and a GPS module, the Paparazzi autopilot [8] navigates the UAV based on a preloaded flight plan. The states and status of the UAV (telemetry) are wirelessly sent to a ground station where it is observed using the Paparazzi Ground Control Station (GCS). The user can also manipulate waypoint positions and command the UAV to execute different parts of the flight plan with the Paparazzi GCS. Even though AggieAir can takeoff, fly around and land completely autonomous, AggieAir can also be controlled manually using an radio controlled (RC) transmitter. This adds an extra layer of safety just in case something goes wrong on the aircraft. To make AggieAir flexible and independent of a runway, it is launched using a bungee and can land almost anywhere on its belly (skid landing). For the bungee launch, the bungee is staked into the ground on one end, hooked to the aircraft at the other, stretched out and released.
The AggieAir UAS can also carry different payloads. Currently cameras are installed on the aircraft for remote sensing, however there is also the potential for other sensors. The imaging system installed on AggieAir is called Ghost Foto (GFoto). GFoto includes a Gumstix on-board computer which is used to control the two cameras. Above a given height, the Gumstix tells the cameras to take a picture every t seconds (t ≥ 3) and records the aircraft's position and orientation. Using the position and orientation of the aircraft when the images were taken, each image can be georeferenced after the flight. To have multispectral system, one camera captures images in the red, green and blue bands of the spectrum, and the other camera captures images in the near infrared (NIR) band.
AggieAir is designed to fly without the need for communication with the GCS. This feature enables the user to launch the plane in one area and have it land in another, to fly in areas where hills and mountains might block the signal and to fly further than allowed by the wireless signal. On account of this, a beacon is also installed on AggieAir so the aircraft can be found if it goes down. 
Paparazzi
The autopilot system in use at Utah State University is the Paparazzi Autopilot system. Paparazzi is an open source hardware and software platform for autonomous flight. It was created in 2003 at the Ecole Nationale de l'Avation Civile (ENAC) based in Toulouse, France. When the autopilot was originally created its purpose was to participate in student competitions and has since evolved into a mature system with which research can be conducted upon. The system currently in use at Utah State University is comprised of two major components, the airborne system and the ground system.
The core avionics that make up the airborne Paparazzi system are embedded inside the AggieAir airframe and is made up of an ARM7 micro-controller running at 60MHz, a 900 MHz serial modem for sending and receiving telemetry and an IMU and GPS to determine both orientation and position. This microcontroller executes the control loops for the autopilot, which are written in ANSI C code and compiled with the GNU C compiler. These control loops are responsible for controlling the roll, pitch, altitude and course of the aircraft and then determining the proper actuator outputs for the control surfaces. This controller is modeled in state space and uses a PID method to control each loop. These control loops are designed in hierarchical method in that they are divided into outer and inner loops. The inner loops contain the core actions of the aircraft which are to control the roll and pitch while the outer loops control the altitude and course of the aircraft . One of the advantages of this method is that the system can be flown using set points translated from an RC controller instead of those from the autopilot itself. This form of control is called AUTO1 mode by the Paparazzi system and is useful when tuning the gains of the autopilots control system. The ground system is based around a computer running a variant of Linux named Ubuntu and connected to a 900 MHz serial modem for telemetry. The software that is used to interface with the Unmanned Aerial Vehicle (UAV) is called Paparazzi Center. One of the uses of Paparazzi Center is to program the micro controller but it is also made up of many smaller programs which are used to interpret the data coming from the UAV and to control the UAV's actions in flight. The backbone of the data handling is called the IVY bus which allows the multiple smaller programs to access and send data through it. This is an open source project which simply forms a bus on the computer which when configured allows any properly configured client to access it. The bus is comprised of the data signals coming from the UAV and also the commanded signal going to the UAV. These signals are called messages and are converted to and from serial data by the Paparazzi software. These messages once converted are displayed on a program which allows the user to visualize and monitor each planes orientation and position on a map and control each aircraft's actions. This program is called the Ground Control Station (GCS). In addition to being able to view these messages on the GCS the user also has the option of saving all the messages received into a log file. The user also may need to view the messages in raw format, this is possible because of a software client which displays the messages in list format. Another option available in the Paparazzi Center software suite to visualize and interpret the data being sent to the ground is to use one of the two graphing clients. The largest difference between these two clients is that one is built for graphing data in real time while the other is built to graph data which has been saved into a log file.
Within the Paparazzi Center software suite exists another vital client, this is the simulation client. Its purpose is to allow the user to simulate a real flight on their computer. To the user this simulation is nearly identical to real flight in terms of visualizations on the screen. The simulator allows controller gains to be tuned in real time as well as the simulated wind speed to be changed in real time. This client is built so that it uses the same clients as a normal flight except for the client that takes data from the serial modem. The simulator client then replaces that client with a simulated data link. This flexibility is enabled due to fact that the IVY bus simply transmits data to all programs that need it and allows for the user to become familiar with the system even before a field test. One of the major needs this client fulfills is the need to simulate both complex and simple flight plans, this allows for the reduction of errors due to poorly planned or coded flight plans. The simulator is an invaluable client because it allows not only flight plans to be tested but also any new code written for the system. The Paparazzi System in addition to being able to monitor and control single UAV's has the capability's to also monitor and control multiple UAV's. This is made possible by the programming of each aircraft's communication hardware with a unique code (AC ID). This unique code allows the software on the ground to differentiate between aircraft so that the information can be correctly associated with each aircraft on the GCS. In addition to being able to being to differentiate the information being received the AC ID also allows for the information being sent to the UAV to be correctly routed. This ability to address each UAV individually allows for the possibility of formation flight using the information collected by the ground station computer.
Multiple UAV Control
Multiple UAV formation flight is handled by adding a separate set of C code to the autopilot system. This code's purpose is to take four inputs, the first being the AC ID then three distances in meters for the x, y, and z coordinates. The code can then translate these coordinates to either be relative to the leaders orientation or based upon global coordinates. When translating the x, y, and z inputs to a global form it creates a coordinate system based on east being the positive x axis, north being the positive y axis, and z being the altitude. The simulator is an invaluable client because it allows not only flight plans to be tested but also any new code written for the system. When using the mode that is relative to the leader aircraft the axis rotates and acts as though the nose of the plane is pointing east, the left wing pointing north and the altitude is unchanged between the two modes. The global or relative coordinate system is the next input given and finally the leader is identified within the next input. To make up for the lack of a speed based controller in the standard controller set a pseudo speed based controller is implemented which adjusts the throttle setpoint based on the proximity to the x, y, and z set point. This code is initialized by calling the function inside the flight plan from the GCS software. The code is scalable to any amount of UAV's that the data communication system allows and because of this feature makes implementing formations which require many UAV's possible.
DISTRIBUTED WIND MEASUREMENT
Measuring wind is important for many different applications [9, 10] . Current methods for measuring the wind include meteorological (met) towers and sonic detection and ranging (sodar) sensors. A met tower measures the wind speed and direction at different altitudes using multiple sensors mounted on the tower. Like the met tower, a sodar also measures the wind speed and direction at different altitudes. However, the sodar usually has a larger range (ex. 50-500m above the sodar) and measures the wind remotely with sound. Soler et. al. [9] used a sodar plus a network of meteorological and air quality stations to evaluate models of transport and diffusion of pollutants in an area with a complex terrain. These models could be used to improve air quality planning around large cites. In another application, Barthelmie et. al. [10] used a sodar to model the wake behind a wind turbine. Wind turbine wakes can cause 5% to 15% power loss to the wind farm if the turbines are not spaced correctly. Modeling the wake can reduce this by helping to optimize the spacing between turbines. Even though Barthelmie et. al. had good results, they concluded that wake modeling is very complex and that more tests are needed with better data. A coven of UAVs could solve this problem by measuring wind distributively instead of lumped, and by making the data more accessible and easier to obtain. Distributively measuring the wind has an advantage over lumped sensing due to the fact that wind is a distributed system and changes with respect to space (x,y,z) and time (t). Having multiple UAVs measuring the wind simultaneously at different points in space gives the necessary data to analyze a distributed system. Additionally, UAVs can be easier to deploy than a sodar. For example, when studying an offshore wind farm, the user could deploy the UAVs on land, fly them out to collect data and wait for them to come back. This would be more cost effective and less time consuming than taking a boat with a sodar on-board out to the wind farm [10] .
Measuring Wind With Multiple UAVs
Predicting the wind from a UAV, to help with navigation, is already a well studied area. Many autopilots come standard with wind prediction. Barber et. al. [3] used wind prediction to help optimize target localization by improving aircraft navigation. In another paper, Osborne and Rysdyk [11] used wind predictions to perform waypoint navigation more robustly in varying wind conditions. Like the autopilots used in these papers, Paparazzi also predicts the wind while flying.
To effectively measure the wind for different applications, the formation of the coven is very important. Figure 2 shows some coven formations that might be useful for measuring wind. As the name suggests, the flyingstring is a 1D formation where the UAVs are lined up to form a ridged string. If the string is formed horizontally, the UAVs would be flying in a straight line at the same altitude. A vertical string would form the UAVs at the same x,y position but at different altitudes. The flyingstring can also be oriented at different angles like 45 • (Fig. 2(a) ). The flyingmesh is like a flyingstring except it is a 2D formation. This means the mesh could form either a square, triangle, rectangle or any combination thereof. The only constraint is that all the aircraft must lie in the same plane. Like the flyingstring, this plane can be oriented in any direction. Multiple flyingmesh formations could also be made up into a flyingcube. A flyingcube is a 3D formation, is not physically constrained and doesn't necessarily need to form a cube. It could be formed into any 3D object.
3D PHOTOGRAMMETRY
Photogrammetry has been defined by the American Society for Photogrammetry and Remote Sensing (ASPRS) [12] as the art, science, and technology of obtaining reliable information about physical objects and the environment through processes of recoding, measuring and interpreting photographic images and patterns of recorded radiant electromagnetic energy and other phenomena. Many applications like hydraulic and fish habitat modeling use 3D terrain models of river corridors generated by 3D photogrammetry. High resolution aerial photography is often acquired through low altitude flying aircraft manned by trained pilots. Before the flight, a GPS control network must be established. This is done by creating control points using permanent, localized survey markers. These markers are localized using survey grade GPS equipment or with standard survey techniques from known horizontal and vertical control points located near the study reach. To ensure triangulation between control points can be carried out to rectify the coordinate positions, it is necessary to capture three control points per image frame in a non-linear path. Imagery is collected at the lowest practical flow rates within the channel to maximize the exposure of channel topographies at each study [13] .
After photos are captured via film, hard copy photos are produced and scanned at 12 microns using a high quality photogrammetric scanner. The photogrammetry software uses the the interior orientation of each image (USGS camera calibration report parameters), the ground control points and image tie-points to perform a least-squares block bundle adjustment of all the images. The statistics from this process are reviewed for accuracy with an allowable maximum root mean square error of 1.0 or less. Photogrammetric derived DTMs generally have coordinate accuracies of approximately 1/10,000th of the flying elevation [13] . Figure 3 shows a scenario of how a coven of UAVs in a flyingstring might be able to acquire imagery for 3D photogrammetry. Each camera on board the aircraft has a field of view (FOV) which translates to an image footprint on the ground. If the aircraft are close enough together, the footprints from each aircraft will overlap each other. Since this area is being observed from two different perspectives, a 3D image can be created. Ryan et. al. [14] talks about a UAV team from the University of Massachusetts at Amherst who does 3D scene reconstruction with a video stream from one UAV. Each image frame from the video stream is used as a different perspective to generate the 3D scene. A coven of UAVs would not only have overlap on the top and bottom of the image, but also on the sides. This extra perspective could give better results for 3D photogrammetry.
Multiple UAV Acquisition Scenario

Future Work
AggieAir is a good platform to use for the applications talked about in this paper. It is already being used for remote sensing, so using it in a coven to acquire 3D photogrammetry is not too far from realization. One possible issue that might effect the quality of the 3D photogrammetry could be the accuracy of the georeferencing. Given the fact that Paparazzi already predicts the wind, measuring the wind with a coven is not too far from realization either. However, wind measured by Paparazzi still needs to be compared with ground truth and the algorithm may need some improvements to increase the accuracy.
